Abstract The genetic transformation of plants has become a necessary tool for fundamental plant biology research, as well as the generation of engineered plants exhibiting improved agronomic and industrial traits. However, this technology is significantly hindered by the fact that transgene expression is often highly variable amongst independent transgenic lines. Two of the major contributing factors to this type of inconsistency are inappropriate enhancer-promoter interactions and chromosomal position effects, which frequently result in mis-expression or silencing of the transgene, respectively. Since the precise, often tissue-specific, expression of the transgene(s) of interest is often a necessity for the successful generation of transgenic plants, these undesirable side effects have the potential to pose a major challenge for the genetic engineering of these organisms. In this review, we discuss strategies for improving foreign gene expression in plants via the inclusion of enhancer-blocking insulators, which function to impede enhancer-promoter communication, and barrier insulators, which block the spread of heterochromatin, in transgenic constructs. While a complete understanding of these elements remains elusive, recent studies regarding their use in genetically engineered plants indicate that they hold great promise for the improvement of transgene expression, and thus the future of plant biotechnology.
Introduction
The use of transgenic plant technology is a vital tool for the improvement of agronomic traits (Lanfranco 2003) , the manufacture of valuable proteins for commercial applications (Twyman et al. 2003) , and the elucidation of gene function. Unfortunately, while the genetic transformation of plants is becoming a rather straightforward procedure, in practice it often results in plants characterized by transgene mis-expression, silencing and plant-to-plant variability (reviewed by Butaye et al. 2005) . These inconsistencies in transgene expression are a major drawback to plant biotechnology and result in the need to screen large numbers of transformants to identify individual lines with the desired expression patterns/levels, and can also confuse the interpretation of resulting phenotypes (Bhat and Srinivasan 2002) .
One source of this unpredictability in terms of transgene expression can be attributed to the incidence of interference within the transgenic constructs themselves. In the past, the majority of plant biotechnological research has been directed toward the improvement of a single trait; however, since it is often the case that crops in field conditions must cope with a number of challenges, the adoption of a more comprehensive approach designed to enhance the performance of multiple traits simultaneously using transformation constructs that bear several transcriptional units is becoming the norm. This is often achieved using a strong, constitutive promoter/enhancer to direct the expression of a selectable marker gene in combination with tissue-, organor developmental stage-specific promoters to drive the expression of transgenes in precise temporal and/or spatial patterns. Unfortunately, this approach can be problematic due to the position-and orientation-independent ability of enhancers (which are often contained within promoters) to trigger enhancer-promoter interference, which can influence both the strength and the specificity of transgene expression (reviewed by Singer et al. 2011a) .
Another instigator of inter-individual variability during plant transformation experiments is the occurrence of epigenetic chromosomal position effects, which can arise in response to the site within the genome into which the foreign transgenic DNA has integrated (Matzke and Matzke 1998) . Due to the random nature of transgene insertion in the majority of higher eukaryotes (Hohn and Puchta 2003) , transgenic DNA may integrate into regions of the genome that are transcriptionally repressed (heterochromatin), which can result in transgene silencing. Since much of a plant's genome can be in the form of heterochromatin at any one time (Wang et al. 2006) , the chance that foreign DNA will integrate in or near these regions, and consequently be silenced, is relatively high. Additionally, transgenes may be incorporated near endogenous regulatory elements, such as transcriptional enhancers or silencers, which could cause mis-expression (reviewed by Francis and Spiker 2005) . These types of position effects often result in the production of transgenic lines displaying a bimodal pattern of reporter gene expression, which is evidenced by a large number of individuals exhibiting high and low levels of expression with only a small number near the mean (e.g. Brouwer et al. 2002; De Bolle et al. 2003) .
While various mechanisms exist within eukaryotic genomes to preclude inappropriate enhancer-mediated activation of nearby promoters and chromosomal position effects (reviewed by Kadauke and Blobel 2009) , transgenic constructs lack this ability and thus require supplementary means with which to minimize such disturbances. In metazoan systems, one of the main strategies used to curtail these two types of transgenic interference is the design of constructs bearing genetic insulators (e.g. Steinwaerder and Lieber 2000; Ye et al. 2003) , which are present naturally in the genomes of a wide range of eukaryotic organisms and function to shield genes from outside signals, thus preventing inappropriate activation or silencing of expression. These regulatory elements have been characterized extensively in animals, the most well-studied of which include the gypsy retrotransposon element (Geyer et al. 1986 ) and scs/scs 0 paired elements (Kellum and Schedl 1992) from Drosophila, as well as the cHS4 insulator from the chicken b-globin locus (Chung et al. 1993) . Insulators are typically classified into two groups based on their function. These include enhancer-blocking insulators, which hinder enhancer-promoter communication when situated between the two, and barrier insulators, which protect against the spread of adjacent heterochromatin, thus impeding chromosomal position effects (Fig. 1a, b) . While some insulators serve exclusively as either enhancerblocking or barrier elements, others are able to perform both functions (reviewed by Gaszner and Felsenfeld 2006) .
Due to the growing number of reports revealing the unpredictable nature of transgene expression in plants, it is becoming evident that one of the most important technical feats with regards to plant biotechnology in the future is the development of tactics to mitigate transgenic interference. The successful application of these strategies could potentially increase the proportion of transgenic lines displaying a stable, desirable phenotype, which is of the utmost importance for the development of safe and effective genetically engineered plants. Thus, the identification and characterization of genetic insulators that function in plant species, and their inclusion in transgenic constructs, is likely to be imperative for improving transgenic technology. In this paper, we review the current knowledge regarding the use of both enhancer-blocking and barrier insulators to minimize the unpredictability of transgene expression currently observed in plant transformation experiments.
The use of enhancer-blocking insulators to reduce enhancer-promoter interference in transgenic plants Enhancer-mediated activation of target promoters is an important mechanism of transcriptional regulation in eukaryotes (Dorsett 1999; Ptashne 1986 ). This phenomenon is independent of the orientation of the enhancer, can occur over very large distances (e.g. Jack et al. 1991; Weterings et al. 1995) , and can even operate across separate chromosomes (Morris et al. 1998) . While many questions remain unanswered regarding the molecular means by which enhancers promote transcription, there is evidence that in a transgenic context in plants, enhancers initiate transcription autonomously in the correct spatiotemporal pattern and exploit at least two different modes of action to exert their activation function. Shortrange activation is thought to occur between enhancers and promoters that are in relatively close proximity (\1 kb), whereby the two regulatory elements interact directly without the need for any facilitating mechanisms. Conversely, long-range activation appears to involve transcription initiation at both the enhancer and target promoter. This long-range transcriptional activation resembles the scanning-based mechanisms often seen in animals, such as facilitated tracking, whereby RNA polymerase II and a bound enhancer track along the DNA from enhancer to target promoter to ultimately form a loop (Singer et al. 2010a ). The migration of RNA polymerase II along the intervening DNA, and the consequential synthesis of intergenic RNA, has been proposed to supply enhancer-bound proteins to the target promoter and/or 'open' the nucleosomal structure of the associated DNA through the action of histone acetyltransferases (Zhu et al. 2007 ). This type of crosstalk can cause serious impediments within genetically engineered plants due to the presence of multiple enhancers and promoters within the transgenic construct and/or transgene insertion near endogenous enhancer elements within the genome; both of which can result in transgene mis-expression.
Possibly the most potent enhancer in terms of eliciting enhancer-promoter interference is that contained within the strong, constitutive cauliflower mosaic virus (CaMV) 35S promoter (Odell et al. 1988) , which is one of the most commonly used promoters for the positive selection of transgenic from non-transgenic lines. Unfortunately, the use of this promoter within transgenic constructs often results in both a loss of specificity and an increase in the level of expression induced by other promoters included within the construct (e.g. Hily et al. 2009; Jagannath et al. 2001; Zheng et al. 2007 ). For example, this promoter/ enhancer has been shown to constitutively activate nearby vascular tissue-specific AAP2, root-specific LRP1, stamenand carpel-specific AGIP, tapetum-specific TA29 and A9, seed-specific napin, embryogenesis-specific PAB5, carpelspecific AGL5, and petal-and stamen-specific PI promoters, resulting in an expression pattern that is indistinguishable from that of the 35S promoter (GudynaiteSavitch et al. 2009; Hily et al. 2009; Jagannath et al. 2001; Singer et al. 2010b Singer et al. , 2011b Yang et al. 2010; Yoo et al. 2005; Zheng et al. 2007) . Although the 35S enhancer is particularly detrimental in terms of eliciting inappropriate enhancer-promoter crosstalk, this phenomenon is not restricted to this specific enhancer, but instead appears to be a rather common feature of these regulatory elements (Gudynaite-Savitch et al. 2009; Liu et al. 2008) .
Several approaches have been proposed to prevent such interactions within transgenic constructs, including the use of promoters that contain only weak enhancers and/or are less sensitive to enhancer-mediated interference, as well as the insertion of a spacer DNA fragment between enhancer and promoter. However, these strategies have been found to be rather capricious, and their effectiveness can vary from construct to construct (Gudynaite-Savitch et al. 2009 ). Inappropriate enhancer-promoter interactions can Fig. 1 Diagrammatic representation of enhancer-blocking and barrier insulator function in a transgenic context. The hypothetical role of an enhancer-blocking insulator is depicted in (a), while that of a barrier insulator is shown in (b). In the absence of enhancer-blocking insulators, enhancers interact with nearby promoters to activate their transcription in an enhancer-specific manner (depicted by a dark grey arrow). In the presence of an intervening enhancer-blocking insulator, communication between enhancer and promoter is impeded and transcription of the promoter takes place according to its own inherent specificity (depicted by a light grey arrow) (a). Barrier insulators that flank a transgene prevent the spread of transcriptionally silenced heterochromatin (indicated by small grey circles) into the transgene, thus allowing it to remain transcriptionally active (indicated by light grey arrow) and capable of generating its desired product (b) Plant Cell Rep (2012) 31:13-25 15 also be minimized through the use of enhancer-blocking insulators, which impede communication when situated between an enhancer and promoter. While a relative wealth of knowledge has been acquired concerning the function of these elements in both endogenous and artificial systems in metazoans (e.g. Chung et al. 1993; Geyer et al. 1986; Kellum and Schedl 1992) , interest in this field has only recently emerged with regards to plant species. As a result, reports of sequences from various backgrounds exhibiting enhancer-blocking function in plants are only now beginning to accumulate (reviewed by Singer et al. 2011a ; Table 1 ), which may facilitate the development of novel means by which to reduce enhancer-promoter interference in transgenic plants bearing composite vectors in the future.
Enhancer-blocking insulators in transgenic plants
In the first published reports in which enhancer-blocking activities were observed in plants, the phenomenon was attributed to the length of the spacer sequence situated between the enhancer and promoter (Jagannath et al. 2001; van der Geest and Hall 1997) . In one report, both 0.9-kb and 1.2-kb genomic fragments derived from the b-phaseolin gene, as well as a 1.3 kb 3 0 matrix attachment region (MAR), from Phaseolus vulgaris were shown to reduce the constitutive 35S enhancer-mediated activation of reporter gene expression in transgenic tobacco (van der Geest and Hall 1997). In a separate report, Jagannath et al. (2001) found that a 5-kb sequence consisting of coding regions of acetolactate synthase from Arabidopsis and topoisomerase (2010) a Denotes indicates organism from which the insulator was derived b Denotes transgenic plant in which the insulating sequence was tested from pea was able to lessen 35S enhancer-mediated interference with expression from a tapetum-specific promoter when inserted between the two in transgenic Brassica juncea. In both instances, the authors concluded that the 35S enhancer is only capable of acting at a relatively close range and that virtually any sequence could be utilized as a spacer providing the length was sufficient to block enhancer-promoter communication. However, there is evidence that the 35S enhancer can exert its effects over distances as large as 78 kb (Ren et al. 2004) . Furthermore, previous enhancer-blocking assays in plants using this promoter have shown that it can override a length of 2-4 kb (Hily et al. 2009; Singer et al. 2010b Singer et al. , 2011b . These results insinuate that spacer sequences such as those described above may not necessarily block interference solely as a result of their length, and that instead they may possess inherent, as of yet unidentified, properties that minimize enhancer-promoter interactions.
More recently, both the 2-kb transformation booster sequence (TBS) from Petunia hybrida and a 1-kb EcoRI/ SalI fragment (EXOB) from bacteriophage lambda were shown to reduce 35S-mediated activation of flower-specific promoters in vegetative tissues when situated between the two in plant species (Hily et al. 2009; Singer et al. 2010b Singer et al. , 2011b . The fact that a 4-kb fragment from bacteriophage lambda was not able to elicit this same effect under identical conditions implied that the enhancer-blocking ability of both the TBS and EXOB fragments was not simply a consequence of their length. Additionally, since neither the TBS nor the EXOB fragment was found to exhibit silencing activity, they likely function as true enhancer-blocking insulators.
As is the case for a proportion of metazoan enhancerblocking insulators, such as the enhancer-blocking insulators within the imprinted control region of the mouse Igf2/ H19 locus, the mouse SP-10 insulator, and the upstream insulator of the human apoB locus (Abhyankar et al. 2007; Bell and Felsenfeld 2000; Hark et al. 2000) , the TBS element has been found to display some degree of polarity in that it is more effective in the forward orientation (Singer et al. 2011b) . While the mechanism behind this phenomenon is unknown at present, it has been suggested that it may occur in composite elements that contain both an insulator sequence and a transcriptional enhancer. This is believed to be the case for the enhancer-blocking insulator situated upstream of the human apoB locus (Antes et al. 2001) . As enhancer-blocking insulators function solely when situated between an enhancer and promoter, the orientation of a compound insulator-enhancer element in which the insulator was proximal to the target promoter would theoretically block both internal and external enhancers, while a reversed orientation would block the external enhancer but not that included within the element itself (reviewed by West et al. 2002) . Intriguingly, the TBS element has been found to initiate transcription of a downstream reporter gene autonomously (Singer et al. 2011b) , which seems to be characteristic of enhancers in artificial systems within plant species (Singer et al. 2010a) and raises the possibility that the TBS fragment is a composite element containing an internal enhancer upstream of the insulator, which could explain its polarity.
The forward-oriented TBS fragment has been shown to be effective for reducing enhancer-promoter interference in both Arabidopsis and Nicotiana tabacum, and does not appear to be promoter-specific, which suggests that it may be exploited in a broad range of transgenic plants (Singer et al. 2011b) . Similarly, several heterologous sequences exhibiting enhancer-blocking activity in other organisms have recently been tested in plants ( Gudynaite-Savitch et al. 2009 ), but the majority of these sequences were not effective or had an altered function in plant cells. For example, the Fab7PRE enhancer-blocking insulator from Drosophila (Barges et al. 2000 ) exhibited a silencing, rather than an insulating, function in transgenic plants (Gudynaite-Savitch et al. 2009 ). Nonetheless, a number of these sequences, such as the UAS rpg insulator from Ashbya gossypii (Bi and Broach 2006) , as well as the BEAD-1 and BEAD-1C insulators from the human T-cell receptor a/d locus (Zhong and Krangel 1997) , were found to reduce inappropriate enhancer-promoter interactions in Arabidopsis (Gudynaite-Savitch et al. 2009 ).
Possible mechanisms behind enhancer-blocking insulation in plants Several models, which are by no means mutually exclusive, have been proposed to explain the mechanism behind enhancer-blocking insulator function in animal systems. The binding of protein factors appears to be a requirement for enhancer-blocking insulator activity despite the fact that there is little conservation of sequence identity among them. Indeed, several proteins that bind DNA have been found to be sufficient to impede enhancer-promoter interactions in animals (Bell et al. 1999; Gaszner et al. 1999; Parkhurst et al. 1988) and it has been hypothesized that the binding of these proteins to an enhancer-blocking insulator separates chromatin into topologically distinct domains through the clustering of bound proteins at the nuclear periphery, forming loops of DNA across which enhancerpromoter interactions cannot occur (reviewed by Gaszner and Felsenfeld 2006) .
One type of DNA sequence that is involved in chromatin loop formation and localization at the nuclear periphery are MARs, which are non-transcribed, AT-rich sequences that bind a nuclear network of non-histone proteins termed the nuclear matrix (reviewed by Allen et al. 2000) . While the exact in vivo role of these sequences remains a mystery, it has been proposed that they may play an important role in establishing the correct expression patterns of endogenous genes (Lauber et al. 1997; Liu et al. 1997) . A small number of these elements have been shown to possess enhancerblocking properties in animals (Nabirochkin et al. 1998; Stief et al. 1989) , which suggests that the functions of MARs and enhancer-blocking insulators may be related. Interestingly, an analysis of the enhancer-blocking capabilities of three MAR-containing sequences in transgenic Arabidopsis indicated that only the TBS fragment from petunia, but not the ADH1 5 0 MAR from Zea mays (Avramova and Bennetzen 1993) or the Rb7 3 0 MAR from N. tabacum (Conkling et al. 1990) , was able to reduce 35S-mediated constitutive activation of a stamen-and carpel-specific promoter (Hily et al. 2009 ). Assays of the enhancer-blocking capabilities of MARs in metazoans have resulted in outcomes that were equally dependent on the MAR tested (e.g. Kellum and Schedl 1992; Stief et al. 1989) . In line with this data, there is a growing body of evidence suggesting that the ability of elements to bind the nuclear matrix is not necessarily related to their enhancerblocking function (e.g. Xu et al. 2004) .
Another type of enhancer-blocking insulator exhibiting a possible dependence upon loop formation is that found within the 5 0 untranslated region of the gypsy retrotransposon from Drosophila, which is one of the most extensively studied enhancer-blocking insulators in invertebrate systems (e.g. Scott and Geyer 1995; Spana et al. 1988) . Its sequence includes 12 direct repeats of a binding site for the zinc-finger DNA-binding protein Suppressor of Hairy-wing [Su(Hw)] (Harrison et al. 1993; Parkhurst et al. 1988) ; the binding of which are essential for insulator function and instigate the formation of higher order interactions involving various other proteins and RNA (Georgiev and Gerasimova 1989; Gerasimova et al. 1995) . These interactions, in turn, allow the subsequent formation of 'insulator bodies', which have been proposed to organize the chromatin into loops, resulting in the generation of distinct domains that separate enhancer and promoter, thus preventing their communication (reviewed by Gaszner and Felsenfeld 2006) . However, recent evidence indicates that the formation of 'insulator bodies' may not be a requirement for insulator function (Golovnin et al. 2008 ) and instead, the binding of Su(Hw) proteins may simply create a physical blockage of an activating signal, such as histone modification or intergenic transcription that is initiated at the enhancer and progresses toward the target promoter (Wallace and Felsenfeld 2007) .
The scs/scs 0 paired elements which flank the Hsp70 locus in Drosophila are another well-studied insulator system that provide further support for the importance of DNA-binding proteins Schedl 1991, 1992) .
The scs and scs 0 elements bind Zw5 (Gaszner et al. 1999 ) and BEAF32 A and B proteins (Zhao et al. 1995) , respectively, and the interaction between the two stabilizes loop formation in vivo (Blanton et al. 2003 ). Yet another example of a protein involved in enhancer-blocking insulator function is the highly conserved and ubiquitously expressed CTCF factor (Filippova et al. 1996) , which binds diverse sequences that have been identified in the majority of insulators analyzed to date in vertebrates (Kim et al. 2007) . While the exact molecular basis of CTCF-mediated insulator activity remains unclear, a model similar to that proposed for Su(Hw) in Drosophila has been developed in which CTCF molecules interact with one another to form clusters and thereby generate loops (Yusufzai et al. 2004 ). Interestingly, CTCF-binding sites have been found to function in Drosophila (Namciu et al. 1998) , and CTCFlike proteins have also been identified in invertebrates (Barges et al. 2000; Moon et al. 2005) , which indicates that this factor may be involved in enhancer-blocking activity in a range of organisms.
Whether CTCF-dependent and/or insulators exhibiting similarities to invertebrate-specific elements (e.g., scs/scs As of yet, no functional equivalents of CTCF-binding sites have been identified in plants; however, a large number of zincfinger gene families exhibit at least some degree of similarity at the amino acid level with the zinc-finger domains of vertebrate CTCF proteins (Engelbrecht et al. 2004 ) and may provide a similar function. In any case, the fact that insulators from humans and fungi impart at least partial blocking of 35S-mediated activation of a nearby promoter in plants ( Gudynaite-Savitch et al. 2009 ) implies that at least a proportion of the insulator machinery in eukaryotes may be evolutionarily conserved (Wallace and Felsenfeld 2007) .
Another model of enhancer-blocking insulator action postulates that enhancer-blocking insulators could act as decoy promoters, either by interacting directly with the enhancer or by interfering with communication between an enhancer and promoter. In line with this hypothesis, numerous similarities have been found between enhancerblocking insulators and promoters, including specific chromatin-modification signatures, localization to particular nuclear regions, and the binding of specific transcription factors (reviewed by Raab and Kamakaka 2010) . In addition, several enhancer-blocking insulators in Drosophila have been shown to contain promoter sequences Drewell et al. 2002; Geyer 1997 ). While it is not known whether this is also the case for enhancer-blocking insulators found to function in plants, bioinformatic analysis of the TBS element did indicate the presence of putative promoter regions. Furthermore, while the ability of the TBS to initiate transcription of a downstream reporter gene could be attributed to its inclusion of an enhancer element(s), it is also possible that this activity results from the presence of a cryptic promoter that could contribute to its activity (Singer et al. 2011b) .
There is evidence supporting each of these models in animal systems, which implies that no single model is applicable to all enhancer-blocking insulators and that this class of insulating sequence may utilize diverse mechanisms to carry out a similar function. Furthermore, while these elements may function in a similar manner in plant and animal systems, it is also possible that enhancerblocking insulators in plant species utilize novel, as of yet uncharacterized, mechanisms.
The use of barrier insulators to reduce chromosomal position effects in plants
Genomic regions can range from highly active (euchromatin) to transcriptionally silenced (heterochromatin) as a result of differential nucleosome arrangements, interactions of non-histone proteins, and histone modifications and variants (Bernstein et al. 2006; Ghirlando and Felsenfeld 2008; Mutskov et al. 2007) . Euchromatin is often referred to as being in an 'open' conformation and possesses irregularly spaced nucleosomes that are highly acetylated and methylated at H3K4 and H3K79. Heterochromatin is more condensed than euchromatin due to the positioning of nucleosomes at short, regular intervals, and often exhibits high levels of CpG methylation. Histone modifications that are typical of heterochromatic regions consist of extensive methylation at H3K27 and H3K9, a lack of acetylation, and the presence of heterochromatin protein 1 (HP1). Furthermore, unlike euchromatin, heterochromatin is capable of spreading through the extension of H3K9 methylation, which leads to the HP1-mediated recruitment of further histone methyltransferase activity (reviewed by Gaszner and Felsenfeld 2006) .
The distinct positioning of euchromatin and heterochromatin within the nucleus of eukaryotic cells is thought to correlate with particular environments appointed for chromatin activation and repression, respectively (Heard and Bickmore 2007) . The presence of these genomic zones of activity/repression often proves to be a hindrance to plant biotechnology, as chromatin-mediated silencing of the introduced transgene can occur if integration takes place within or near a region of heterochromatin. Since the position of transgene insertion in plants is largely a random event, these site-dependent chromosomal position effects can trigger significant variability between individual transformants in terms of transgene expression levels. A related phenomenon, known as position effect variegation, has been suggested to be the consequence of a stochastic spread or retreat of heterochromatin toward or away from the transgene (Volfson et al. 2006 ) and results in lines bearing heterogeneous levels of expression that vary from cell to cell within the organism. This type of mis-expression is not necessarily evident when amounts of transgenic product are measured quantitatively in a particular tissue as it will simply manifest as a lower than expected average level, and instead is only detectable when expression levels are compared at the cellular level.
One possible strategy to counteract this effect in transgenic plants is to flank a transgene with elements that block the spread of heterochromatin, allowing the foreign gene to be expressed appropriately regardless of its insertion site within the host genome. Barrier insulators, which have been proposed to play a role in genome organization through the arrangement of chromatin fiber into functional domains whereby genes in one domain are protected from the regulatory effects of another (Lunyak 2008) , are one such element.
Barrier insulators in transgenic plants
Possibly the most well-studied class of putative barrier elements with potential applications in plant transgenic technology are MARs, which have been suggested to trigger the formation of chromatin loops, thus delimiting the boundaries of discrete chromosomal domains (Bode et al. 2000) . These elements have been isolated from a large number of eukaryotes, including a variety of plants (e.g. Avramova et al. 1995; Chinn and Comai 1996; van der Geest et al. 1994) , and are commonly used to flank transcription units within transgene constructs in metazoan systems to mitigate undesirable variations in transgene expression (e.g. Phi- Van et al. 1990; Stief et al. 1989) . It has been proposed that these elements will be one of the most important tools for generating transgenic plants with stable expression of foreign genes (Tao et al. 2006) ; however, despite their promise, results have been somewhat ambiguous and their use in transgenic constructs may not be as straightforward as initially anticipated.
In plants, much of the research carried out concerning the use of transgene-flanking MARs as barrier insulators to reduce chromosomal position effects has shown that these elements result in an increase in the level of transgene Plant Cell Rep (2012) 31:13-25 19 expression and/or a reduction in plant-to-plant variability (Table 1) . For example, the 3 0 MAR associated with the tobacco Rb7 gene was found to significantly augment the expression of a flanked transgene when compared to controls lacking this MAR (Allen et al. 1996; Cheng et al. 2001; Ü lker et al. 1999) , and in some instances was also able to lessen variability between transgenic lines through a reduction in transgene silencing (Halweg et al. 2005; Mankin et al. 2003; Verma et al. 2005) . Similarly, the presence of chicken lysozyme A MAR elements (Phi- Van and Strätling 1988) flanking transgenes in tobacco and rice has been found to reduce variability by reducing silencing effects (Mlynárová et al. 1994; Oh et al. 2005) . However, separate studies found that this same MAR was only able to elicit a boundary effect in transgenic Arabidopsis with a gene silencing mutant background (Butaye et al. 2004) . Further inconsistencies regarding the effectiveness of MARs in transgenic plants have also been documented, with some exhibiting no effect on transgene expression (e.g. De Bolle et al. 2003; Petersen et al. 2002) , a decrease in transgene expression (Breyne et al. 1992; Torney et al. 2004) , or an increase in transformation efficiency (Buising and Benbow 1994; Petersen et al. 2002) . While it has been proposed that the occurrence of these contradictory results may be due to the use of different experimental parameters, it is also possible that MARs are simply a heterogeneous group of elements that share only their ability to bind the nuclear matrix (Holmes-Davis and Comai 1998). Alternatively, it has been suggested that while MARs are able to block cis-silencing (for example, the spreading of heterochromatin), they do not prevent trans-silencing (for example, post-transcriptional silencing), which may explain at least a portion of these inconsistencies (Allen 2009 ). In any case, it appears that further research will be required to clarify the mode of action of these elements, as well as their role in plant biotechnology.
A small number of non-MAR elements have also been found to exhibit barrier activity to protect transgenes from chromosomal position effects in plants (Table 1) . For example, the 5 0 insulator of the sea urchin (Hemicentrotus pulcherrimus) arylsulfatase (ars) gene (Akasaka et al. 1999 ) was shown to increase reporter gene activity and suppress transgene expression variation in tobacco cells when positioned upstream of the transgene in an orientation-independent manner (Nagaya et al. 2001) . Likewise, a study in which various transgenes were flanked by the gypsy insulator from Drosophila indicated that this element improved the expression levels of reporter genes in Arabidopsis by minimizing those lines with low levels of expression. Variability between individuals was lessened even further when the Su(Hw) protein from Drosophila was co-expressed in the same transgenic lines (She et al. 2010) . The ability of the gypsy insulator to elicit a low level of barrier activity in Arabidopsis in the absence of the Su(Hw) protein suggests that plant-derived factors were providing the insulator function. However, the fact that additional improvements were noted in lines bearing the Su(Hw) protein indicate that this factor was superior to its Arabidopsis counterpart(s) in its capability to provide a barrier function. Since there do not appear to be any Su(Hw) homologues in the Arabidopsis genome, further investigation will be necessary to identify the putative factors required to yield the barrier function of this element in plants.
Possible mechanisms behind barrier insulators in plants As discussed previously, it appears that the ability of elements to bind the nuclear matrix may not be associated with their function as enhancer-blocking insulators. This may also be the case for MARs and their sporadic capacity to prevent chromosomal position effects in transgenic plants. Indeed, it has been shown that any position effect protection elicited by the chicken lysozyme A barrier element in animals is separable from the MAR itself (Phi- Van and Strätling 1996) . Furthermore, the relatively large size of most MARs utilized in insulator assays would permit the concealment of additional independent elements within their lengths, which could yield a broad range of activities (Antes et al. 2001; Holmes-Davis and Comai 1998) .
Both enhancer-blocking insulators and barrier insulators appear to require the binding of protein factors. However, while proteins bound to enhancer-blocking insulators seem to provide either a physical blockage of communication or a steric effect through the formation of chromatin loops, those bound to barrier insulators are believed to function through the attenuation of heterochromatic silencing from neighboring genomic regions. Although there are very few common sequence features shared among characterized chromatin barriers, there is increasing evidence for the recruitment of histone acetylase activity by these elements in multiple organisms. For example, the cHS4 insulator from the chicken b-globin locus displays both enhancerblocking (Chung et al. 1997 ) and barrier (Pikaart et al. 1998) activities, whereas its enhancer-blocking function is effected by the CTCF protein, its barrier activity is independent of this factor (Recillas-Targa et al. 2002) and instead involves proteins that impart cHS4-mediated acetylation and H3K4 methylation of nucleosomes (Huang et al. 2007) , as well as protection against DNA methylation (Dickson et al. 2010) . It has been proposed that these cHS4-mediated histone modifications render them resistant to H3K9 methylation and HP1 binding, which halts the spread of heterochromatin formation and maintains a local environment of active chromatin (Huang et al. 2007 ). Further evidence for this theory comes from boundary elements of mice, Drosophila, and sea urchin, which have recently been found to be characterized by a transition from repressive to active chromatin through methylation of H3K4 and/or histone acetylation (Carabana et al. 2011; D'Apolito et al. 2009; Lin et al. 2011) .
Another group of elements that has shown promise as barrier insulators is the RNA polymerase III promoters, such as those contained within tRNA genes in Saccharomyces cerevisiae. It appears that both high levels of transcription from the tRNA promoter (RNA polymerase III-dependent) and genes that encode histone acetyltransferases are required for their barrier activity in this organism (Donze and Kamakaka 2001) . In vertebrates, short interspersed repeats (SINEs), which are retrotransposon fossils that are abundant in eukaryotic genomes, also contain RNA polymerase III promoters and are either derived from 7SL RNA, 5S rRNA or, most commonly, tRNA (Nishihara et al. 2006) . As is the case for tRNA genes in S. cerevisiae, these promoters have been implicated in the observed barrier activity of several SINEs (Román et al. 2011) , including the Alu SINEs that flank the human keratin 18 (K18) gene (Willoughby et al. 2000) . It has been suggested that the barrier function of RNA polymerase III promoters is provided through the creation of a gap in the nucleosome structure, as they are frequently occupied by polymerase III, as well as the transcription factors TFIIIC and TFIIIB (Donze and Kamakaka 2001) . Taken together, this implies that at least a proportion of promoters transcribed by RNA polymerase III may possess an inherent, conserved mechanism for barrier activity in eukaryotes and is a promising avenue of pursuit for future studies in plants.
Conclusions
There is an imminent need for effective tools with which to mitigate genetic interference within transgenic plants due to ever-increasing reports of transgene mis-expression resulting from inappropriate enhancer-promoter interactions and integration site-dependent chromatin position effects. While several sequences exhibiting either enhancer-blocking or barrier activity in transgenic plants have been identified to date (e.g. Gudynaite-Savitch et al. 2009; Hily et al. 2009; Singer et al. 2010b; She et al. 2010) , little is known concerning their molecular mechanisms. Preferentially, transgenic constructs would contain enhancer-blocking insulators between transcriptional units to prevent inappropriate enhancer-promoter interactions, as well as flanking elements exhibiting both enhancer-blocking and barrier activities to minimize interference by nearby endogenous enhancers and chromatin-mediated silencing, respectively. Insulators with such mutual enhancer-blocking/barrier functions are relatively common in metazoan systems, and include the 5 0 cHS4 from chicken, as well as the Idefix (Brasset et al. 2010) , gypsy (Kurshakova et al. 2007 ) and scs/scs 0 (Kellum and Schedl 1992) insulators from Drosophila. Unfortunately, studies concerning plant-acting insulators have focused solely on one characteristic or the other; a problem that should be remedied in short order. Interestingly, the b-phaseolin 3 0 MAR from P. vulgaris has been found in separate studies to exhibit potential enhancer-blocking activity (van der Geest and Hall 1997) and to contribute to barrier function (van der Geest et al. 1994) in plants, which suggests that this sequence may be an ideal candidate for further testing regarding its dual functionality.
Thus, the identification of additional DNA sequences exhibiting highly efficient and consistent activities as enhancer-blocking and/or barrier insulators is a priority. This, along with the further characterization and optimization of known insulators that function in a broad range of plant species, such as the TBS fragment from petunia and the gypsy-element from Drosophila (Gudynaite- Savitch et al. 2009; Nagaya et al. 2001; She et al. 2010; Singer et al. 2011b) , has the potential to be of tremendous value in the future of biotechnological applications in plants.
